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In the present study, we sought to provide electrophysiological evidence for the independent regulation of adrenergic and noradrenergic chromaffin cells by characterizing the physiological and stimulus-evoked responses of adrenal SPNs. Because the chromaffin cells of the adrenal medulla are the sole sympathetic target tissue directly innervated by SPNs, the adrenal medulla provides a unique opportunity to study antidromically identified SPNs controlling a known target tissue. We reasoned that adrenal SPNs regulating adrenergic chromaffin cells could be differentiated from those regulating noradrenergic chromaffin cells by their excitatory responses to the glucopenia after 2-DG, which produces a selective increase in adrenal epinephrine secretion (31, 34, 48) . In addition, we determined the responses of adrenal SPNs to stimulation in the rostral ventrolateral medulla (RVLM), a location of adrenal sympathetic premotor neurons (47, 57) , and to acute activation of the baroreceptor reflex, a potent, short-term regulator of cardiac and vasoconstrictor sympathetic outflows that has also been shown to modulate adrenal nerve activity in the rat (26, 51) . Our results provide strong support for the existence of a unique population of adrenal SPNs controlling the secretion of epinephrine and suggest that the adrenal SPNs regulating noradrenergic chromaffin cells behave in a manner similar to that expected of SPNs controlling vasoconstriction.
METHODS
General procedures. Male Sprague-Dawley rats (300-400 g) were anesthetized with intravenous injections of urethane (800 mg/kg) and ␣-chloralose (70 mg/kg). The trachea, femoral vein, and femoral artery were cannulated for artificial ventilation, drug administration, and measurement of arterial pressure, respectively. Rectal temperature was maintained at 37°C with a thermostatically controlled heating lamp and table. Animals were placed in a stereotaxic apparatus and spinal investigation unit with the incisor bar at Ϫ12 mm below the interaural line and the spinal clamp on the T 10 and T 11 vertebrae. An occipital craniotomy and T 7 -T 9 laminectomy were performed, and exposed nervous tissue was covered with a warmed mixture of mineral oil and silicone grease. After paralysis with d-tubocurarine (0.8 mg/kg iv), animals were respired with 100% oxygen at a minute volume of 140-180 ml. Respiratory rate or tidal volume was adjusted to maintain expired CO 2 between 3.5 and 4.5%. A bilateral pneumothorax reduced respiratory pump-related movements of tissue near the recording electrode. After 4 h, supplemental doses of ␣-chloralose (20 mg/kg iv) were given every 2 h.
Recording and identification of adrenal SPNs. The extracellular action potentials of adrenal SPNs were recorded (capacity coupled, 300-3,000 Hz) with glass microelectrodes containing a carbon filament. The indifferent electrode was inserted in muscle adjacent to the vertebral column. The region between 700 and 1,100 m ventral to the dorsal surface of the spinal cord and along the dorsal root entry zone was explored for adrenal SPNs that were antidromically identified with stimuli (20-200 A, 1 ms, 0.5 Hz) applied to the left adrenal nerve just proximal to its entrance to the adrenal capsule. Three criteria were used to establish the antidromic nature (35, 37) of the responses of spinal neurons to adrenal nerve stimulation: 1) constant onset latency, 2) high following frequency, and 3) collision with spontaneous action potentials or those evoked orthodromically by stimulation in the RVLM. To perform time-controlled collision tests, individual unit action potentials were selected from ongoing activity and used to trigger an adrenal nerve stimulus at a specified delay. At the end of some experiments, current (15 A, 1 min) was passed through the carbon filament to make a small lesion marking the SPN recording site. These were consistently located within the principal nucleus of the intermediolateral (IML) cell column.
RVLM stimulation. A tungsten microelectrode with a 50-m exposed tip was used to deliver paired (6-ms interpulse interval) stimuli (50-300 A, 1 ms, 0.5 Hz) to the region of the RVLM containing spinally projecting, sympathetic premotor neurons, including those projecting monosynaptically to adrenal SPNs (47, 57) . The stimulating electrode was positioned 2.6 mm rostral, 1.9 mm lateral, and 2.4 mm ventral to the calamus scriptorius. In some experiments, the stimulating microelectrode was replaced with a micropipette (20-m tip diameter) containing the excitatory amino acid L-glutamate (10 mM), from which microinjections (60 nl) were made to determine the effect on adrenal SPN discharge of exciting only neurons in RVLM. At the conclusion of the experiment, the position of the stimulating electrode and/or microinjection pipette was marked with an electrophoretic deposit of fast green dye from a micropipette stereotaxically positioned at the same RVLM site. After perfusion with fixative, the brain stem was sliced (50 m), and the locations of dye marks were plotted on drawings from a rat atlas (39) .
Activation of the baroreceptor reflex. To determine the effect of activation of baroreceptor afferent nerves on the discharge of adrenal SPNs, the left aortic depressor nerve (ADN) was dissected in the neck and separated from the cervical vagus nerve, and the sectioned central end was placed on platinum hook electrodes for stimulation with square wave pulses. The following two stimulus paradigms were used: 1) a short burst of three pulses, 6-ms interpulse interval, 20-100 A, 1 ms duration, 0.25 Hz and 2) highfrequency train of 20 Hz for 3 s, 1 ms duration, 20-100 A. Natural stimulation of the baroreceptors was produced by the rise in arterial pressure after an intravenous bolus injection of phenylephrine (0.1 ml, 50-100 g/ml).
Adrenal SPN response to glucopenia. To determine the response of adrenal SPNs to simulated hypoglycemia [a stimulus that produces selective release of adrenal epinephrine (22, 43, 53, 54) ], spontaneous SPN activity was recorded before and for at least 15 min after an intravenous bolus of 2-DG (250 mg/kg). Histograms (1-s bins) of unit activity were computed, and differences between control activity levels and those at various intervals after the 2-DG administration were determined.
Data analysis. Action potentials of adrenal SPNs and the arterial pressure were digitized at 22 kHz and recorded on VCR tape along with 5-volt pulses coincident with stimuli applied to the adrenal or aortic nerves or to the RVLM. Computer-aided data analysis consisted of stimulus-or arterial pulse-triggered histograms of the discharges of adrenal SPNs. To identify poststimulus periods of increased or decreased probability of discharge of adrenal SPNs, the mean discharge rate during the 100-ms period before stimulus delivery was determined from peristimulus time histograms of adrenal SPN discharge. The onsets of excitatory or inhibitory responses of adrenal SPNs were identified as the first bin in peristimulus time histograms that was followed by at least three bins whose values were greater than (or less than, for inhibitory responses) the mean control discharge rate and whose values continued to increase (or decrease, for inhibitory responses). The results are expressed as means Ϯ SE. Significant differences between groups were determined with the Student's t-test.
RESULTS
Antidromic identification of adrenal SPNs. In 81 rats, 139 neurons in the IML region of thoracic segments T 8 -T 10 (located beneath thoracic vertebrae T 7 -T 9 ) responded to stimulation of the adrenal nerve at a constant latency and followed paired adrenal nerve stimuli separated by Ͻ5 ms. The antidromic nature of the constant latency responses of these neurons was confirmed with the collision test. In the example in Fig.  1 , adrenal SPN action potentials were evoked at a constant onset latency (51 ms) when adrenal nerve stimuli were delivered at 53.5 ms after a spontaneous discharge of the SPN (Fig. 1, trace 1 ) but collided when adrenal nerve stimuli were applied at 52 ms after a spontaneous SPN action potential (Fig. 1, trace 2) . As previously described (35, 37) , the SPN axonal refractory period was determined by delivering twin pulses to the adrenal nerve at an interval (40 ms; Fig. 1 , traces 3 and 4) after a spontaneous action potential, resulting in collision of the first antidromic spike. The SPN recording showed that a second antidromically evoked action potential was generated when the interpulse interval was 2.4 ms (Fig. 1, trace 3) , i.e., equal to or greater than the axonal refractory period, but not when the interpulse interval was 2.2 ms (Fig. 1, trace 4) .
RVLM-evoked discharge of adrenal SPNs. All of the adrenal SPNs were excited by paired stimuli applied to the region of the RVLM containing sympathetic premotor neurons. Most of the SPNs responded to each RVLM stimulus with a single action potential. Threshold responses in which only 10-20% of the RVLM stimuli evoked an SPN spike typically occurred at stimulus currents between 40 and 80 A. Maximal responses in which an SPN action potential occurred for nearly every RVLM stimulus were attained at a mean current of 225 A. Splanchnic SPNs, which would include those with axons in the adrenal nerve, were previously divided into four groups on the basis of the patterns and latencies of their responses to RVLM stimulation (37) . The antidromically identified adrenal SPNs in the present study exhibited RVLM stimulusevoked responses characteristic of the splanchnic SPNs in either group I (short onset latency excitation) or group IV (early inhibition and late excitation). The adrenal SPNs with the characteristics of splanchnic group IV SPNs were designated Epi Adr SPNs, and adrenal SPNs with RVLM stimulus-evoked responses similar to those of splanchnic group I SPNs were designated NE Adr SPNs.
Epi Adr SPN responses to RVLM stimulation. In 71 (51%) adrenal SPNs, RVLM stimulation produced a biphasic response ( Fig. 2A) consisting of an early reduction in unit action potential probability followed by a period of increased discharge probability during which the unit could fire more than one time to a paired RVLM stimulus. This response, characteristic of Epi Adr SPNs, is shown in the peristimulus time histogram in Fig. 2A , top. The probability of unit discharge fell below control levels for ϳ80 ms after the RVLM stimulation (mean control discharge rate in the 100 ms before the stimulation: 4.9 Hz; mean discharge rate between 15 and 80 ms after the stimulation: 1.8 Hz). This was followed by a period of increased discharge probability lasting from 110 to 180 ms after the RVLM stimulus, during which the 100 RVLM stimuli evoked 86 spikes with a mean latency of 139 ms and a modal latency of 150 ms. These two phases of the RVLM stimulus-evoked response of Epi Adr SPNs are clearly seen in the mean peristimulus time histogram ( Fig. 2A, bottom) derived from the individual response histograms of 71 Epi Adr SPNs. The early period of inhibition lasted for 68 ms after the stimulus, and during this time (i.e., from the end of the stimulus blanking at 12-68 ms) the mean discharge rate averaged 64% of control. The late period of excitation of Epi Adr SPNs lasted for 108 ms, between 76 and 184 ms, during which the mean response latency was 129 Ϯ 2.8 ms and the modal response latency was 136 ms.
As shown in Fig. 3 , top, the antidromic latencies of Epi Adr SPNs ranged from 6 to 60 ms (mean: 35 Ϯ 1.5 ms), corresponding to approximate conduction velocities between 0.55 and 5.5 m/s, based on an average distance from the spinal recording site to the adrenal nerve stimulation site of 33 Ϯ 2 mm (n ϭ 31 rats in which this distance was measured).
Epi Adr SPNs were excited by activation of RVLM neurons with microinjections of glutamate. In the example in Fig. 2B , the discharge of an adrenal SPN with an RVLM stimulus-evoked response pattern characteristic of Epi Adr SPNs (see Fig. 2A ) was increased from a basal rate of 5.5 spikes/s to a peak rate of 12 spikes/s after an ipsilateral microinjection of glutamate (10 mM, 60 nl) in the RVLM, which also resulted in an increase in mean arterial pressure of 60 mmHg. Similar stimulation of neuronal cell bodies in the RVLM produced an increase in discharge rate of 89 Ϯ 5.6% in three Epi Adr SPNs and an increase in mean arterial pressure of 47 Ϯ 10.7 mmHg. In none of these cases was an early inhibition (see the histograms of the electrically evoked responses in Fig. 2A ) observed, although the temporally diffuse nature of the glutamate microinjection stimulus and the presence of RVLM neurons with excitatory inputs to Epi Adr SPNs could have masked such an effect.
NE Adr SPN responses to RVLM stimulation. Sixtyeight (49%) adrenal SPNs responded to RVLM stimulation with single action potentials that all had latencies Ͻ50 ms. The peristimulus time histogram for a representative NE Adr SPN (Fig. 2C, top) indicates a dramatic, short-lasting increase in discharge probability between 20 and 40 ms after the RVLM stimuli (mean response latency: 28.8 ms). This excitation was usually followed by a period of decreased discharge or silence often lasting for 100-200 ms. The mean peristimulus time histogram derived from the responses of 68 NE Adr SPNs (Fig. 2C, bottom) shows the consistency of this early and remarkable excitation, which occurred from 12 ms (the end of the stimulus-blanking period) to 52 ms, with a mean response latency of 29 Ϯ 0.9 ms (range: 16-47 ms). As shown in Fig. 3 , bottom, the antidromic latencies of NE Adr SPNs ranged from 7 to 70 ms (mean: 37 Ϯ 2.0 ms), corresponding to approximate conduction velocities between 0.47 and 4.7 m/s. These did not differ from those for Epi Adr SPNs.
NE Adr SPNs were also excited by activation of RVLM neurons with microinjections of glutamate. In the example in Fig. 2D , the discharge of an adrenal SPN with an RVLM stimulus-evoked response pattern characteristic of NE Adr SPNs (see Fig. 2C ) was increased from a basal rate of 2 spikes/s to a peak rate of 10 spikes/s after an ipsilateral microinjection of glutamate (10 mM, 60 nl) in the RVLM, which also resulted in an increase in mean arterial pressure of 51 mmHg. Similar stimulation of neuronal cell bodies in the RVLM produced an increase in discharge rate of 171 Ϯ 14.8% in four NE Adr SPNs and an increase in mean arterial pressure of 54 Ϯ 2.2 mmHg.
Baroreceptor reflex influences on the discharge of Adr SPNs. Adrenal SPNs with RVLM stimulus-evoked responses characteristic of Epi Adr SPNs (see Fig. 2A ) had a mean spontaneous discharge frequency of 5.6 Ϯ 0.3 Hz at a mean arterial pressure of 99 Ϯ 3.0 mmHg. Perisystolic averaging indicated that the spontaneous discharge of Epi Adr SPNs was not synchronized to the cardiac cycle, suggesting that the activity of these neurons was not strongly influenced by the baroreceptor reflex. In the example in Fig. 4A , there is no significant alteration in the average spikes per bin for an Epi Adr SPN over the course of 1.5 cardiac cycles, including two systolic pressure increases of ϳ70 mmHg. The average perisystolic time interval histogram (Fig. 4B ) for 15 Epi Adr SPNs indicates that, although there was a tendency for a reduced discharge probability during middiastole, this modulation represented an inhibition of only 18% of the normalized maximum firing rate over the course of the cardiac cycle (average mean arterial pressure: 108 mmHg).
NE Adr SPNs had a mean discharge frequency of 3.5 Ϯ 0.3 Hz, which was significantly slower (P Ͻ 0.01) than that of Epi Adr SPNs at an equivalent mean arterial pressure of 99 Ϯ 2.4 mmHg. In contrast to those of Epi Adr SPNs, the perisystolic time interval histograms of the spontaneous discharge of all NE Adr SPNs exhibited prominent peaks and troughs indicating a strong influence of the baroreceptor reflex on the networks governing the activity of NE Adr SPNs. In the example in Fig. 4D , the discharge probability of this NE Adr SPN fell precipitously from 16 to 40 ms after the onset of systole and then rose throughout diastole. The mean perisystolic time interval histogram constructed for 10 NE Adr SPNs (Fig. 4E) indicated a similarly large reduction in mean discharge probability in middiastole (average mean arterial pressure: 118 mmHg). This resulted in an inhibitory modulation representing 83% of the maximum discharge, which was significantly (P Ͻ 0.01) greater than that for Epi Adr SPNs, although the average mean arterial pressures were not different between the groups.
The effect of natural activation of the baroreceptor reflex indicated a similarly reduced sensitivity of the discharge of Epi Adr SPNs to baroreceptor reflex-mediated sympathoinhibition. As shown in Fig. 4C , the mean discharge rate of an Epi Adr SPN was changed from 3.8 spikes/s at a mean arterial pressure of 90 mmHg to 3.6 spikes/s at a mean arterial pressure of 183 mmHg during the pressor response to a bolus injection of phenylephrine (5 g in 0.1 ml iv). In contrast, increasing arterial pressure to 186 mmHg resulted in a complete inhibition of the discharge of an NE Adr SPN (Fig. 4F) . In a group of eight Epi Adr SPNs, an average phenylephrine-induced increase in arterial pressure of 71 Ϯ 6.4 mmHg resulted in a mean reduction in discharge frequency of 18 Ϯ 3.9%, whereas a similar increase in arterial pressure (70 Ϯ 5.2 mmHg) evoked a complete inhibition (100% reduction) of the discharge of 10 NE Adr SPNs.
The responses of adrenal SPNs to electrical stimulation of baroreceptor afferents in the ADN also indicated a differential sensitivity of the medullary networks governing the discharge of Epi Adr SPNs and of NE Adr SPNs to baroreceptor reflex inputs. Averaged responses to three pulse stimuli applied to the ADN showed no consistent period of reduced discharge probability in Epi Adr SPNs but a dramatic reduction in discharge probability in NE Adr SPNs. Figure 5A , top, which shows superimposed records from 30 trials of ADN stimulation for an Epi Adr SPN, shows no period of unit discharge inhibition comparable to that in a typical NE Adr SPN whose superimposed records of 30 trials of ADN stimulation (Fig. 5D ) indicate a reduced discharge probability between 65 and 190 ms after the ADN stimulus onset. The mean peristimulus time interval histogram for 37 Epi Adr SPNs (Fig. 5A, bottom) indicates that, on average, Epi Adr SPNs experienced a reduced discharge probability (to 72% of control) between 230 and 390 ms after the onset of the ADN stimuli. In contrast, the average discharge probability of NE Adr SPNs (n ϭ 32) was reduced to 16% of the control discharge rate between 50 and 260 ms after the ADN stimulation. This baroreceptor-mediated inhibitory effect on the discharge of NE Adr SPNs was significantly greater (P Ͻ 0.001) than that on the discharge of Epi Adr SPNs. The slower conduction velocity in the pathway from the RVLM mediating the excitation of Epi Adr SPNs (see Fig. 2A ) may have contributed to the longer onset latency and longer period of reduced discharge probability in Epi Adr SPNs.
High-frequency stimulation of baroreceptor afferents in the ADN that produced equivalent reductions in arterial pressure (Fig. 5, B and E, bottom) resulted in no perceptible change in the discharge of an Epi Adr SPN (Fig. 5B) but was accompanied by a complete inhibition of an NE Adr SPN (Fig. 5E ). The mean peristimulus histogram for the high-frequency, ADN stimulus-evoked responses of 19 Epi Adr SPNs (Fig.  5C ) indicated a reduction in discharge probability of 11% of the control firing frequency during the 3-s ADN stimulation and a subsequent elevation in average discharge frequency (ϩ5% of control) that was maintained for at least the next 10 s. From the mean peristimulus histogram (Fig. 5F ) for the responses of 13 NE Adr SPNs to similar ADN stimulations (maximum reductions in mean arterial pressure of 23 and 20 mmHg for Epi and NE Adr SPNs, respectively; Fig. 5,  C and F, bottom) , it is clear that the reduction in discharge probability during the ADN stimulation (84% of control frequency) is significantly (P Ͻ 0.001) greater than that for Epi Adr SPNs and that the mean discharge frequency after the inhibition (3.4 Ϯ 0.1 spikes/s) is not different from the control firing rate (3.5 Ϯ 0.1 spikes/s).
Responses of Adr SPNs to 2-DG-induced glucopenia.
Because plasma levels and adrenal secretion rates of epinephrine and norepinephrine have been shown to be differentially sensitive to reductions in blood glucose (53, 54) , we reasoned that adrenal SPNs regulating the discharge of epinephrine-secreting chromaffin cells should be excited during the glucopenia produced by 2-DG, while little or no change in discharge frequency would be expected of adrenal SPNs regulating the activity of chromaffin cells secreting norepinephrine.
We tested the response of 20 adrenal SPNs with RVLM stimulus-evoked responses characteristic of Epi Adr SPNs (see Fig. 2A ) and 17 adrenal SPNs with RVLM stimulus-evoked responses characteristic of NE Adr SPNs (see Fig. 2C ) to an intravenous bolus of 2-DG (250 mg/kg). In the example shown in Fig. 6A , the discharge rate of an Epi Adr SPN increased from 5.2 spikes/s during the control preinjection and early postinjection period (inset on left) to 8.6 spikes/s during the sustained activation (inset on right) after the 2-DG injection. The mean post-2-DG time interval histogram for Epi Adr SPNs (Fig. 6B) shows that 2-DG produced a significant (P Ͻ 0.05) increase in discharge frequency beginning ϳ30 s after the 2-DG injection. This excitation reached a plateau (mean discharge frequency: 143 Ϯ 0.7% of control) between 1 and 2 min after the 2-DG injection and remained at this level for at least 5 min (mean discharge frequency: 144 Ϯ 12.4% of control at 180 s; 149 Ϯ 10.3% of control at 240 s; 148 Ϯ 14.9% of control at 300 s).
In contrast, the discharge frequency of the NE Adr SPN shown in Fig. 6C was slightly reduced from 0.5 spikes/s during the control preinjection and early postinjection period (inset on left) to 0.3 spikes/s during the period ϳ90-110 s (inset on right) after the 2-DG injection. The mean post-2-DG time interval histogram for the NE Adr SPNs (Fig. 6D) suggests a slight, short-lasting increase in SPN discharge between 5 and 15 s after the 2-DG injection; thereafter, mean SPN discharge frequency was reduced, averaging 90 Ϯ 0.5% of control in the period between 1 and 2 min after the 2-DG injection. This level of activity was maintained for at least 5 min (mean firing frequency: 86 Ϯ 6.8% of control at 180 s, 89 Ϯ 6.4% of control at 240 s, 88 Ϯ 3.3% of control at 300 s).
Location of stimulation and microinjection sites in the RVLM. Figure 7 , top, shows two histological sections at the level of the RVLM containing fast green dye spots indicating the positions of the stimulating electrode in two experiments in which Epi and NE Adr SPNs were recorded. These stimulation sites were located ventral to the compact division of the nucleus ambiguus, close to the ventral surface of the medulla and within 500 m of the caudal end of the facial nucleus. Figure 7 , bottom, shows the stimulation sites in the RVLM on a drawing (39) through the rat medulla 2.5 mm rostral to the calamus scriptorius. Each of the recovered sites is within the vasomotor region of the RVLM, which contains sympathetic premotor neurons regulating vasoconstrictor sympathetic outflow (36) and adrenal medullary catecholamine secretion (47, 57) .
DISCUSSION
The principal new finding from these experiments is that adrenal SPNs can be divided into two distinct populations based of their evoked and reflex responses. Epi Adr SPNs were markedly excited during the glucopenia evoked by intravenous 2-DG administration, consistent with SPNs that regulate the secretion from adrenal, epinephrine-producing chromaffin cells, whereas NE Adr SPNs were unaffected by 2-DG, consistent with SPNs regulating the discharge of adrenal, norepinephrine-secreting chromaffin cells. Epi Adr SPNs consistently responded to electrical stimulation of the RVLM with a biphasic change in discharge probability: an early inhibition followed by a long latency excitation. In contrast, the response of NE Adr SPNs to RVLM stimulation was always a dramatic, short latency excitation. Epi Adr SPNs exhibited little or no sensitivity to the baroreceptor reflex, as indicated by the relative absence of a cardiac cycle-related modulation of their spontaneous discharge and only a minimal inhibition of their discharge during large, phenylephrine-evoked pressor responses or in response to stimulation of baroreceptor afferents in the ADN. The discharge of NE Adr SPNs, by comparison, was exquisitely sensitive to baroreceptor reflex activation: the perisystolic time histograms of NE Adr SPNs contained bins with zero counts, and natural (increased arterial pressure) or electrical activation of the baroreceptor reflex produced a prompt and complete inhibition of NE Adr SPN discharge. These data provide the first functional differentiation among populations of SPNs, thereby supporting the existence of functional specificity at the level of the SPN (1, 18, 40) . These results also form a foundation for determining the organization and properties of the networks selectively controlling adrenal epinephrine secretion (21, 52, 54) , and they suggest that the central pathways determining adrenal norepinephrine release may be indistinguishable from those controlling sympathetic tone to vasoconstrictor targets.
Several lines of evidence indicate that the SPNs from which we recorded innervated the epinephrine-and the norepinephrine-secreting adrenal chromaffin cells. The SPNs reported in this study were found in thoracic segments T 8 -T 10 , which are within the T 5 -T 11 distribution containing the majority of adrenal SPNs retrogradely labeled after adrenal medullary injection of tracer in the rat (2, 28, 44, 46, 47) and other species (18, 27) . Jensen et al. (27) have shown that the population of SPNs innervating the rabbit adrenal medulla is separate from that innervating ganglion cells in the aorticorenal ganglion, indicating that the axons of ad- renal SPNs project selectively to the adrenal medulla. It seems unlikely that our antidromic stimulus would have activated SPN axons other than those of adrenal SPNs, since the adrenal nerve was always well isolated and the stimulating electrode hooks were positioned close to the entrance of the adrenal nerve in the adrenal capsule. Although adrenal SPNs may innervate adrenal medullary ganglion cells and adrenal chromaffin cells (14) , the former appear to be a minor cell population in the adrenal medulla, and it is not known whether or when they receive a unique preganglionic input. In view of the conclusion, based on anatomic data, that there are ϳ2.7 times as many epinephrinecontaining as norepinephrine-secreting chromaffin cells in the adult rat medulla (50), we were initially surprised to record from nearly equal numbers of Epi Adr SPNs and NE Adr SPNs. However, given the potential for different degrees of convergence of adrenal SPN inputs onto chromaffin cells (24) and our small sample size in each rat, we might not expect a close correlation between the relative numbers of each type of adrenal SPN and chromaffin cells.
The simulated hypoglycemia induced by the glucopenic agent 2-DG produces a strong stimulus for the release of adrenal epinephrine, with a relatively minor increase in plasma norepinephrine, an indeterminate fraction of which arose as "spillover" from sympathetic postganglionic terminals (7) . This result parallels that seen with insulin-induced hypoglycemia (11, 16, 53) and with chronic 2-DG administration (41) . Because only one of the populations of adrenal SPNs was excited by 2-DG, we conclude that 2-DG administration was an effective stimulus for distinguishing adrenal SPNs projecting to epinephrine-secreting chromaffin cells from those regulating adrenal norepinephrine release. Our results extend those indicating a large increase in preganglionic adrenal nerve activity after 2-DG administration (7) to suggest that this increase was comprised predominantly of the activation of adrenal SPNs innervating epinephrine-secreting chromaffin cells.
Both electrical and chemical stimulation of the population of sympathetic premotor neurons in the RVLM activated Epi Adr SPNs and NE Adr SPNs, consistent with the anatomic finding that the RVLM contains adrenal sympathetic premotor neurons (47, 56, 57) . Although the characteristics of the excitatory responses of Epi Adr SPNs and NE Adr SPNs to chemical excitation of RVLM neurons were not markedly different, there were significant differences in the latencies of the action potentials evoked in Epi Adr SPNs and in NE Adr SPNs after electrical stimulation of RVLM. The mean response latency of NE Adr SPNs (29 ms, Fig. 2C ) to RVLM stimulation corresponds to an average conduction velocity of ϳ2.4 m/s, which falls within the range of "rapidly conducting" RVLM spinal, sympathetic premotor neurons with strong baroreceptor reflex sensitivity (6, 32, 36, 45) . In combination with the high degree of baroreceptor reflex sensitivity of NE Adr SPNs, these results suggest that NE Adr SPNs receive baroreceptor-modulated, premotor excitatory inputs from RVLM neurons similar to those that provide the tonic excitation to vasoconstrictor SPNs.
In contrast, RVLM stimulation excited Epi Adr SPNs with a mean latency to peak of 129 ms ( Fig. 2A) , indicating an average conduction velocity of RVLM premotor neurons to Epi Adr SPNs of ϳ0.5 m/s, which is within the range of "slowly conducting" sympathetic premotor neurons (6, 36, 45) . This observation raises several points. The absence of baroreceptor modulation of the discharge of Epi Adr SPNs suggests that their excitatory premotor inputs from RVLM would arise from an as-yet-undescribed population of RVLM neurons with slowly conducting spinal axons, but without the strong inhibitory responses to increases in arterial pressure that constitute a hallmark of sympathetic premotor neurons. The recent finding that all slowly conducting sympathetic premotor neurons (albeit barosensitive) in the RVLM are C1 cells (45) leads to the interesting speculation that a subpopulation of the phenylethanolamine-N-methyltransferase-containing neurons in RVLM without baroreceptor sensitivity may provide a premotor input to Epi Adr SPNs. Although most studies of sympathetic premotor neurons in the RVLM focus on those that are strongly inhibited by baroreceptor input, slowly conducting, RVLM spinal neurons without baroreceptor sensitivity have been described (5) . It is also possible that the RVLM stimulus-evoked excitation of Epi Adr SPNs is not direct, but rather it may involve a synaptic relay in which a rapidly conducting RVLM neuron activates a more slowly conducting, medullary or spinal input to Epi Adr SPNs. In this regard, adrenal SPNs receive a direct input, which may be serotonergic (2), from medullary raphe nuclei (3, 47, 56 ) that contain neurons with slowly conducting axons and that receive inputs from the RVLM. Finally, considering the short latency inhibition of Epi Adr SPNs seen with electrical stimulation in RVLM, it is worth noting that the period of the RVLM stimulus-evoked inhibition of Epi Adr SPNs overlaps that of the simultaneously evoked excitation of NE Adr SPNs, indicating that this inhibitory input is selective for Epi Adr SPNs, leading to the speculation that the descending inputs to NE Adr SPNs may activate a spinal inhibitory interneuronal input to Epi Adr SPNs. Although this inhibition of Epi Adr SPNs may have been mediated by activation of local axons within RVLM, since it was not seen with glutamate stimulation of the RVLM, the latter also activated an excitatory input to Epi Adr SPNs that may have masked an inhibition.
Our conclusion that the discharge of Epi Adr SPNs is not significantly influenced by the baroreceptor reflex is derived from their consistently weak responses using the following three different approaches to activation of the baroreceptor reflex: modulation of the SPNs' spontaneous discharge probability relative to the occurrence of the systolic pressure rise, baroreceptor loading during the pressor response to ␣-adrenergic receptor stimulation, and electrical stimulation of the baroreceptor afferents in the ADN. The effectiveness of each of these was indicated by the dramatic reductions in discharge frequency of NE Adr SPNs to the same stimulus, often within the same experiment. In combination with the responses of Epi Adr SPNs to 2-DG administration, this result suggests that sympathetically regulated secretion of adrenal epinephrine is determined more by signals pertaining to metabolic homeostasis (such as plasma glucose levels) than by those involved in the short-term regulation of arterial pressure (19) , although this has not been explicitly tested in rats. Just the opposite appears to be true for the supraspinal sympathetic pathways controlling the activity of NE Adr SPNs, whose discharge could easily be completely inhibited by baroreceptor activation but was little affected by the 2-DG stimulus.
Several reports have demonstrated some baroreceptor reflex regulation of adrenal nerve activity in the rat (8, 10, 26, 30, 38, 49) . However, when ganglionic blockade was used to differentiate adrenal nerves that contained predominantly preganglionic vs. postganglionic axons, the former were found to have no cardiac rhythmicity, whereas 50% of the latter had a weak cardiac rhythmicity (9) . Curiously, the same group indicated subsequently (8) that preganglionic adrenal nerve activity was decreased (although not as much as renal or postganglionic adrenal nerve activity) during a phenylephrine-evoked increase in arterial pressure. Because the adrenal nerves contain not only the axons of SPNs innervating epinephrine-synthesizing chromaffin cells but also the preganglionic axons of SPNs innervating the norepinephrine-synthesizing chromaffin cells and postganglionic axons innervating cortical cells and arteriolar smooth muscle, it is not possible to determine from these data whether such responses are indicative of baroreceptor control of the discharge of SPNs specifically controlling adrenal epinephrine secretion. Although determinations of catecholamine levels in adrenal venous blood could provide more specific information on the baroreflex regulation of the secretion of the two adrenal catecholamines, the sensitivity of the adrenal chromaffin cells to blood-borne agents, including ANG II (4, 12, 20, 33, 55) , could produce significant changes in catecholamine secretion (e.g., during severe hypotension) independent of changes in neural input to chromaffin cells. In this regard, the responses of Epi Adr SPNs to hypotensive stimuli were not tested in this study. Finally, the differences between our results and those indicating a reduction in epinephrine in adrenal venous blood during a phenylephrine-evoked pressor response (26) may have arisen from a marked reduction in adrenal blood flow (not reported) leading to a compromised recovery of epinephrine during the pressor response.
In summary, these results provide a characterization of adrenal SPNs that has allowed us to distinguish those regulating adrenal chromaffin cells secreting epinephrine from those controlling adrenal norepinephrine release. The dramatic differences between these two populations of adrenal SPNs in their reflex-and centrally evoked responses suggest that their discharge is controlled by different central neural circuits, including unique populations of adrenal sympathetic premotor neurons in the RVLM. Our findings support the distinct functional organization of the networks governing the activity of Epi Adr SPNs and NE Adr SPNs that has been proposed (18, 52) to account for the differential regulation of epinephrine and norepinephrine secretion from the adrenal medulla in response to physiological challenges and experimental stimuli.
